Abstract-As the most challenging problems of the upcoming next-generation networks, 2-constrained quality-of-service routing (QoSR) is NP-complete problem, for which we propose a novel precomputation algorithm, LEFPA.
I. INTRODUCTION
Providing different quality-of-services (QoS) for different applications in the Internet is a challenging issue [1] , of which QoS Routing (QoSR) is the most pivotal problem [2] . The main function of QoSR is to find a feasible path that satisfies multiple constraints for QoS applications.
For the NP-completeness [3] , [4] of multi-constrained QoSR, many heuristics have been proposed.
However, these algorithms have three limitations [2] :
(1) High time complexity prohibits their applications. (2) Low performance means that these algorithms sometimes cannot find a feasible path even when it does exist. (3) Some algorithms work only for a specific network. Furthermore, in next-generation high-speed networks, a high rate of packet arrival prohibits the online computation scheme, to which most heuristics belong. Based on the analyses of linear energy function (LEF), we propose a novel approach with the name LEF based precomputation algorithm (LEFPA). Using precomputation with LEFs of two dimensions, LEFPA can deal with not only 2-constrained problems, but also 1-constrained optimal problems, such as the Delay-Constrained Least-Cost (DCLC) problem. Both the theoretical analysis and experimental results show that our easily implemented LEFPA is highly scalable and has high performance. Furthermore, LEFPA is consistent with the routing architecture of the current Internet. LEFPA can serve the next-generation high-speed networks.
This paper has three contributions: (1) We give a mathematical model in the QoS metric space to decides whether a QoS request can be determined by the continuous change of LEFs.
(2) We propose the precomputation algorithm LEFPA for QoSR problem based on LEFs. (3) We propose a novel evaluation method for QoSR algorithms, named the unknown-area proportion method.
The rest of this paper is organized as follows. In Part II we analyze the relation of LEFs and constraint space. LEFPA is proposed in Part III, and extensive simulations show its performance in Part IV. Finally, conclusions appear in Part V.
II. LINEAR ENERGY FUNCTION ANALYSIS
presents a network. V is the node set and the element V v ∈ is called a node representing a router. E is the set of edges representing links that connect the routers.
The element E e ij ∈ represents the edge 
B. Linear Energy Function
Dijkstra gave the Shortest Path Tree (SPT) algorithm, which has a low time complexity. However, QoSR problem is related to multiple weights simultaneously. Thus the problem is changed to the one, in which the complexity is NP-complete, and the original Dijkstra's algorithm cannot be used to solve it, so we convert the multiple weights to a single weight. Because the discrete values of a must be independent of networks, we normalize the weights of each link first. The maximum possible weight of each metric on a link is equal; i.e. the weight ) ( max e w l E e∈ is a constant that is independent of l where
B. Description of LEFPA
We propose the precomputation heuristic LEFPA for 2-constrained problems and 1-constrained optimal problems in Fig. 3 11) x = x + (1/B) Fig. 3 . Proposed heuristic LEFPA routing table generated by each node with the same vector a will not have a routing loop based on the consistent network state information [7] .
C. Complexity of LEFPA
Now we analyze the complexity of LEFPA. In a graph G , the node number is | | V n = , while the edge number | | E m = .
Step ).
IV. PERFORMANCE EVALUATION We first propose the method of unknown-area proportion to evaluate the absolute performance of LEFPA. We then simulate QoS requests to compare its performance with other algorithms directly.
A. Unknown-area proportion
We propose the method of unknown-area proportion, which is independent of QoS requests, to evaluate the absolute performance of LEFPA. We take the unknown area as the inefficiency of LEFPA. Thus, the simulation experiment is to analyze the relation between the inefficiency probability / Pr 
B. Evaluation of absolute performance
Based on the pure random network graph with node number N [8] , we generate two weights for each link, where ) ( 1 e w~ [1, 1000] Figure 4 shows the average inefficiency probability Pr with the 95% confidence interval versus B for random graphs with 50, 100, 200 and 500 nodes. When the node number is relatively small, the proportion of unknown area is very little. With the increase of node number, the proportion Pr increases. This shows the larger the network, the more the path number between a particular source-destination pair. With the increase of path number, the ability to optimize a path increases and optimization of a particular weight increases. This leads to the situation in which the uppermost point a p is closer to the Y-coordinate and the rightmost point b p is closer to the X-coordinate. However, the 95% confidence interval decreases with the increase of network scale. This shows the adaptability of LEFPA for large-scale network.
Although Pr decreases with B increasing, Fig. 4 shows that when B is large enough, the inefficiency probability Pr is insignificant. For example, when 7 = B and 500 = N , 0.0022 0.0482 Pr ± = with a 95% confidence interval. If we regard that algorithms are practical if Pr is less than 5%, 7 = B is enough. This shows that in practice, to ensure high performance, we need only 7 uniform LEFs to find enough paths of different characteristics. With larger B , most of the newly found paths are reduplications and Pr nearly goes down no more. This is consistent with the conclusion in [9] . Therefore, the Pr in LEFPA with Although we demonstrated that the unknown area is small ( Pr is little), we now demonstrate that the feasibility for a request UNKNOWN M c ∈ is also small. First, we generate the constraints for requests within the unknown area in Fig. 2 .b randomly. Then, we use H_MCOP [6] , one of the most efficient QoSR algorithms, to calculate the feasible paths for each request. Fig. 5 shows the SR for each B . The experiment shows that when 7 = B , the SR is less than 5% and most requests do not have a feasible path.
Having established that (1) the unknown area is small, and (2) the request within the unknown area has a low feasibility, LEFPA can refuse the request within the unknown area with a small probability of misjudgment (refuse the requests that have a feasible path), i.e., about % 25 . 0 05 . 0 05 .
. As a result, LEFPA achieves a high absolute performance.
C. Comparison between LEFPA and H_MCOP
Current precomputation algorithms tend to have a prohibitive computing complexity, and most are based on distance vectors, so they are not fit for large-scale networks. In order to show the performance of LEFPA, we compare LEFPA with H_MCOP [6] , one of the most efficient algorithms, which is also based on Dijkstra's algorithm.
To compare the routing performance of LEFPA and H_MCOP, we use two methods to generate constraints for QoS requests, including random constraints used in [6] and simulated constraints. These two methods are omitted for brief in this paper and detailed in [10] . Showing the SR with the random constraints, Fig. 6 demonstrates that when 7 ≥ B , the SR of LEFPA is higher than that of H_MCOP. Fig. 7 shows the SR with simulated constraints. When 7 ≥ B , LEFPA overmatches H_MCOP and is more insensitive to the network scale than H_MCOP.
As a summary, the next-generation networks that provide QoS can follow the current precomputation routing architecture. When calculating the SPT, it only needs to change the current cost to the energy with a number ( 7 = B ) of uniform LEFs. The computation complexity of QoSR is only B times the current complexity. Our extensive simulations below will show that LEFPA has a higher SR than H_MCOP, although H_MCOP has to compute a feasible path pertinently for each individual request. On the aspect of complexity, H_MCOP is , LEFPA is better than H_MCOP, not only on computation complexity but also on the running time in practical experiments. For example, the running time of LEFPA is 51.8 millisecond in a 500-node graph, while that of H_MCOP is 15.3 millisecond. Considering the difference between precomputation and on-line computation, if on a given source node, there are 50 requests to the other 50 nodes in the network for instance, the running time of LEFPA keeps fixed while that of H_MCOP will increase 50 times of origin to 765 millisecond.
V. CONCLUSION Based on the theoretical analysis of LEF, this paper proposes a novel precomputation heuristic, LEFPA, for QoSR. In this algorithm, a node can use a number ( B ) of uniform LEFs to precompute the QoS routing table with the time complexity )) log ( ( n n n m B O + + , which is only B times original Dijkstra's algorithm. The size of the QoS routing table is less than or equal to B times that of the current routing table with a single weight named cost. When requests arrive at a high speed, the router only needs routing table look-up rather than online computation. Further enhancing the scalability, the precomputation mode is also fit for the current routing architecture of the Internet. Extensive simulations show that our LEFPA performs well in complexity, performance and scalability. Therefore, we conclude that the precomputing LEFPA promises to be a valuable QoSR algorithm for high-speed next-generation networks. 
